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Abstract 

The recently discovered Z(4430) mesonic resonance is believed to be a strong tetraquark candi- 
date. The photoproduction in the channel jp — > Z + (4430)n — > ip'TT + n has been proposed as the 
most effective way to confirm the Z(4430) presence and to measure its quantum numbers. In this 
work we present a model for high energy and forward angle Z(4430) photoproduction in a effective 
Lagrangian approach. This model is based on the use of Regge trajectories exchange, thus a Regge 
propagator replaces the usual Feynman propagator. The differential and total cross sections and 
the asymmetries have been calculated for the J p quantum numbers V , 1 + , 0~ and 2~ in the 
hypotheses that Z(4430) has isospin 1=1. 
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I. INTRODUCTION. 



The Z(4430) meson has been observed by BELLE |T] a.s a resonant structure in the 
B -»■ Ktp'TT + decay with a mass of 4433 ± 4 ± 2 MeV and a width of 45+^+^ MeV. After 
this resonance has not been seen in the same channel by the BABAR collaboration |2], the 
BELLE collaboration performed a reanalysis of their data and confirmed the presence of the 
Z+(4430) resonance with new parameters M z = 4433+^-13 MeV and T z = 1071Kb MeV 
[3]. Since the Z decays in ip'7r + , it must have a positive charge and thus it cannot be 
a charmonium state but a state with isospin I > 1. In this work we hypothesize that the 
Z (4430) is an isovector particle. Various different interpretations, then, have been proposed: 
a radially excited ccud tetraquark, a less compact hadronic meson molecule or be just due 
to threshold effects (see Ref. jl] and references therein). However its strong coupling to ip'ir 
combined with its isospin 1 = 1 makes it a strong candidate for a tetraquark resonance, as 
proposed long ago by Close and Lipkin |5j. 

In order to seek to confirm in other experiments the observation of Z(4430), the theoret- 
ical study of its production is an interesting topic. The production in nucleon-antinucleon 
scattering has been analized by Ke and Liu j6], while a photoproduction search has been 
proposed by Liu, Zhao and Close [7j as the most effective. In this work we consider the 
7P Z + (4430)n — > ip'ir+n meson photoproduction channel following the model based on 
the exchange of dominant meson Regge trajectories in the t-channel already used to suc- 
cessfully describe the pion and kaon photoproduction in Ref. [S|. The model presented here 
should describe well the photoproduction of Z at high and intermediate energies, which 
correspond to laboratory energies larger than 5 GeV |9j, and forward angles, because for 
larger momentum transfer the Regge trajectories behavior is not anymore linear. 

The J p quantum numbers of the Z (4430) have not been measured yet, however from the 
decay Z + (4430) — > ?//7r + we can deduce that the possible quantum numbers are J p = 1 + 
in S wave and _ ,1 _ ,2 _ in P wave. To each of these quantum numbers corresponds a 



different decay model and thus different resulting cross sections. In section III we calculate 
the differential and total cross sections for each J p quantum number of the Z and for each 



exchanged Regge trajectories used, i.e. the 7r, the p and the ao trajectories. In section IV 
the photon, target and recoil asymmetries are calculated in each case. 
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II. THE REGGE FORMALISM. 



In the fifties Regge [TU| [TT] showed the importance to extend the angular momentum J to 
the complex field. Here a very brief and partial summary of the Regge theory is introduced, 
while for more general reviews see Refs. [91 [12], [13]. 

Regge proved that bound states and resonances belong to families related by trajectory 
functions a R (t). These functions give the position of the poles of the amplitude, which occur 
at J = a R (t). For integral J this equation gives the masses of the particles on the trajectory, 
i.e. J = a R {m 2 ). 

The amplitudes of every generic particle exchange scattering 2 — > 2 may be written as a 
sum of Regge terms 

R 

where each term is given by a vertex function (3 and a Reggeised propagator VR egge : 

T( R \s,t) = (3(t)V Regge (s,a R (t)). (2) 

At small negative t the Regge trajectories have been shown to have a linear form 

a R (t) = or, + a' R (t-m 2 R ). (3) 

In this equation m R is the mass of the trajectory's lightest particle, which we refer to as 
first realization. The constant a R) o is the spin J of the first realization of the trajectory, 
since we know that in the amplitude poles, with integral J, J = a R (m 2 ). The slope of 
the trajectory a' R varies only slightly among the various trajectories and can usually be 
considered a universal feature of the theory with a value around 0.8 — 0.9 GeV~ 2 . 
The Regge propagator is 

Re " e V sm(n(an(t)-a R , ))2T(l + a R (t)-a R ,oy [> 

where s,t are the usual Mandelstam variables, sq = 1 GeV 2 is a mass scale and S R = ±1 
is the signature of the trajectory. It is important to note that at high s and small t the 
magnitude of the Regge propagator is given mainly by the (-i) a «w -Q! «>o factor. The exponent 
a R {t) — a R fl = a.' R {t — m 2 R ) implies, then, that trajectories with lighter first realization 
particles will tend to dominate. 
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In most mesonic cases, the trajectories with signature S R = 1 and —1 coincide. In this 
occurrence they are called degenerate. Then the amplitudes for S R = 1 and —1 can be 
added in order to obtain the new propagator 



-p Re - ri.)«fl(t)-«B,o !™R (5) 

e " e s sm(ir(a R {t) - a Rfi )) T(l + a R {t) - a Rj0 ) 

or subtracted to obtain 

-p Re = (jL)«*(*)-«K,o I (6) 

e " e s sm(n(a R (t) - a Rfi )) T(l + a R (t) - a Rfi ) ' 

The difference between these two propagators are only in a phase factor, thus it does not 
matter for the calculation of the cross section for a single exchanged trajectory but only in 
the interference terms between different trajectories. Whether to use a degenerate propa- 
gator or not is something that depends on the process considered. In fact non degenerate 
trajectories produce dips in the differential cross section, called wrong-signature zeros, which 
correspond to poles of the gamma function not removed by the sine function, while degen- 
erate trajectories produce smooth curves. 

In this work we opt to embed the Regge formalism into a tree level effective-Lagrangian 
model, following the approach developed by Levy, Majerotto and Read |14j and Guidal, 
Laget and Vanderhaeghen [8J in their treatment of high-energy 7r and K photoproduction . 
In this approach the exchange of a Regge trajectory is taken into account by replacing the 
usual Feynman propagator of a single particle with the Regge propagator, while keeping the 
vertex structure given by the Feynman diagrams which correspond to the first realization 
of the trajectory. This approximate method to implement the Regge formalism is the only 
one possible for the Z(4430) photoproduction because the known data are not enough to 
determine the vertex function /3(t) through a fit. 



III. Z(4430) DECAY MODELS. 

We have seen that the importance in determining the cross section decrease exponentially 
with the increase of the mass of the first realization of the exchanged trajectory. For this 
reason we can limit to consider only the three main contributions to the Z(4430) photopro- 
duction on nucleons through meson exchange: the ir exchange, which is by far the principal 
one, and the p and the ao(980) exchanges, whose contributions to the total cross section 
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are negligible but are nevertheless important for the calculation of the polarization asym- 
metries. Moreover, when the degenerate Regge propagator is used, the contributions of the 
corresponding degenerate trajectories, i.e. respectively the 61 (1235), a2(1320) and p(1700) 
ones, are automatically taken into account. 

The coupling of Z to the photon is derived through the VMD (Vector Meson Domi- 
nance) model by assuming that the coupling is due to a sum of intermediate vector mesons 
which connect the photon with the Z and the exchanged meson. The ip' is the dominant 
intermediate vector meson and its coupling to the photon is given by 

eM 2 

Vr = -j£-W> (7) 

where the constant j-^ = 0.0166 is determined by the decay ip' — > e + e~ [T5| [TB"] . 

Second-order terms, like the J ftp intermediate vector meson contribution, are evaluated 
in Ref. [7J and found to be probably very small. 

A. The 7r exchange contribution. 

We will first consider the process 7^ — > Z + n with the exchange of a pionic Regge trajec- 
tory. 

The pion-nucleon coupling is described by the Lagrangian 

£nNN = -ivZg-KNNnihF*' , ( 8 ) 
where g^ NN = 14 • 4-7T. The following form factor is also applied to the vertex: 

F^NN = J 1 , (9) 

where A n = 0.7 GeV and q 2 is the squared transferred momentum. 
1. The J p = 1 _ case. 

In the case that Z(4430) has J p = l - the Zip'rc coupling is given by [7] 

Czv* = ^e^d^d a Z^-K- + h.c. (10) 

1V±7, 



5 



The coupling constant gzip'n/Mz = 2.365 GeV 1 is determined by the decay Z — > ip'ir. 
Again a form factor is applied to the vertex: 

The resulting amplitude for the 7p — > Z + (4430)n process via pion exchange is 

Tx- = -iiVZgnNN^p^ ~)u(p 2 )lbu{pi)e^ a pk^k2e v (ki)e*i(k 2 )^^ — ^F nNN Fz^ n - (12) 
M z U> 1 q 2 - mi 

The four vector momenta are attributed to each particle as in Fig. [T] 

In the Regge trajectories approach the Feynman propagator q2 ^ m 2 is replaced by the 
Regge propagator, which in case of pion trajectory is 

Re " e V sm(7ra n (t))2T(l + a 7 ,(t)Y 1 ' 

where the signature <S„. = 1 and the pion Regge trajectory a„(t) is defined as [8j 

=0*0 + 0^ = 0.7^-771*). (14) 

If the degenerate trajectory is also considered, the amplitudes for S = 1 and —1 can be 

added in order to obtain the new propagator 

e Trey 1 p-i-KanIt) 

Regge V sin(7ra 7r (t))r(l + « 7r (t)) 1 ' 

or subtracted to obtain 

VI = (— W*) - (16) 

Re " e V sin(7r^(t))r(l + a w (t))- 1 ] 

The results for the differential cross section in the degenerate and non degenerate case are 
shown in Fig. |2j while the total cross section for both cases can be found in Fig. [3} As 
we can see in these figures, the non degenerate trajectory produces the expected dip in the 
differential cross section but the difference in the total cross section is negligible. 

In analogy with the pion photoproduction P, [T71 [18] the added degenerate propagator, 



Eq. 15, is used for the Z + photoproduction and the subtracted one, Eq. 16, for the Z . 



2. The J p = 1+ 



case. 



The difference from the previous case lies in the new Zi/j'tt coupling given by [7] 



with gwJMz = 2.01 GeV- 1 



C*T* = ^(d a ^d a nZ - WdpnZJ, (17) 

Mz 



3. The J p = (T case. 



In this case the Zip'ir coupling is |7J 

Cz** = i 9 -^{*-d,Z+ - d^-Z+W, (18) 

Mz 

with gzip'ir/Mz = 1-39 GeV^ 1 . It is important to notice that the quantum numbers for the 
Z° in this case would be J PC = , which is an explicitly exotic combination. 



4- The J p = 2 case. 

In the tensor case the Zip'n coupling is [B] 

£zv>'tt = igz^n^Z^duiv', (19) 

with gzip'n = 0.32. 

The differential cross-sections for all the four possible quantum numbers examined 
(l - , 1 + , 0~, 2~) in the degenerate trajectories case are shown in Figure |4j 

The total cross sections are in Figures [5] and [6] From these figures it is evident that the 
J p = 2~ cross section is several orders of magnitude smaller than the other cross sections 
and would be completely covered by the background (for an analysis of the background see 
Ref. [7J). 



B. The ao(980) exchange contribution. 

The same 'jp — > Z + n process can also happen through the exchange of the ao(980) meson 
(and its trajectory in the Regge approach). The possible Z quantum numbers in this case 
would be J p = 1~ in S wave and + ,l + ,2 + in P wave. Since the ao(980) amplitude is 
expected to be very small, we are interested to calculate only the cases where the can 
interfere with the pionic amplitude, i.e. J p = 1 + , l - . 

The Lagrangian for the aoNN vertex is [7] 

£ ao NN = V2g ao NNnpa , (20) 

where g^Aw/^ 71 " = 1-075. The form factor applied to the vertex is 

A 2 — rn 2 

pi _ ls -ao " b ao / Q1 \ 

ao " 

with A ao = 2.0 GeV. 



1. The J p = 1 case. 



In the J p = 1 case, the Zip'ao coupling Lagrangian is [7J 

= ^(d a Z?d a ^ - d a Z^d^' a )a . (22) 

Mz 

Since there are no data on the coupling constant gztp'ao, it is set equal to gz^'n as an upper 
limit estimation. 

In substituting the Feynman propagator with the Regge one we follow the same procedure 
of the pionic exchange, with the only difference that we have to replace the pion trajectory 
with the a one. The Regge trajectory for the ao is not well established but we chose the 
one found in Ref. [15] : 

a ao (t) = _o.5 + 0.6t. (23) 



2. The J p = 1+ 



case. 



If Z(4430) has J p = 1 + quantum numbers, the Zip'a^ vertex is described by [7] 

Cz^a = ^w/fa fl ^a . (24) 

M z 

The coupling constant is again taken equal to the corresponding one of the pion exchange. 
The total cross sections for both quantum numbers are given in Fig. [7J 



C. The p(770) exchange case. 

The 'jp — > Z + n process can also happen through the exchange of the p meson (and its 
trajectory in the Regge approach). The possible Z quantum numbers which interfere with 
the pion exchange channel in this case would be J p = 1 + in S wave and 1~,2~ in P 
wave. 

The Lagrangian for the pNN vertex is [20] 

C pNN = V^gpNNnhfi - 7^- ia ^q u }pp^, (25) 
where g 2 pNN /^ = 0.92 and Kp = 6.1 HQ. 
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The Regge propagator for a spin-1 particle is slightly different from the scalar and pseudo- 
scalar one and is given by 

s , * net' S + p- i7r (M*)- 1 ) 

Re " e V sin(7r(a p (i) - 1)) 2T(a p (t)) " 1 1 

Again the two trajectories with opposite signatures can be degenerate and form a common 
trajectory. The p Regge trajectory is a p (t) = 0.55 + 0.8 t [8]. 

In the cross section calculation we also add the following form factors respectively to the 
Zpip' and pNN vertices: 

M l~ m * (27) 

and 

(28) 



Aj-t 



where A p = 1.31 GeV [21]. 



1. The J p = 1 case. 

For the Z(4430) with J p = 1~ quantum numbers, we have to choose a vector-vector- 
vector interaction for the Zip' p vertex [22] 

Cz*p = ~i^M U Wff + (pJ^'nZ" + (Z^W). (29) 

The constant gz^'p is unknown and in this case taken equal, as an upper limit, to the 
corresponding constant for the pion exchange gzip'n/Mz = 2.365 GeV~ l . 



2. The J p = 1+ case. 

If the Z(4430) will be found to be an axial vector, the Lagrangian for the Zip' p vertex 
would be [22] 

Cz*p = ^e^Z^p^d^ - d^' a ). (30) 

As done before, we use for the unknown constant gz^'p the value of the constant gzip'n/Mz = 
2.01 GeV -1 of the corresponding pionic exchange. 
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3. The J p = (T case. 

In the J p = 0~ case, the Lagrangian for the Z vertex is |B] 

Cz* P = 9 -^e^%rtd aP pZ : (31) 

M z 

where gzip'p is unknown and in this case taken equal to gztp'n/Mz = 1-39 GeV^ 1 . 

The resulting total cross section in the three cases J p = 1~, 1 + , 0~ are given in Fig. p| 



D. Numerical Results. 



Combining the n, p and a Regge trajectories exchange terms for the photoproduction of 
the Z + (4430), we obtain the invariant matrix for the total process: 



pol 



pao I 



^2\M v + Mp + Mao\ 



pol 



= J2(\ M *\ 2 + \ M p\ 2 + l-^aol 2 + 2Re(e t{a ^- a ^ ) MiM p ) + 

pol 

+ 2Re{e lMt) - a ^ {t)) M\M ao ) + 2Re{e i{a ^ t} - a ^M{ M p )), (32) 

where the ao channel and its interference terms are present only in the J p = 1~, 1 + cases. 
We find that the pionic channel is by far predominant for every J p quantum numbers while 
the rep and 7ca interference terms are 0. 

The results for the differential cross sections for the photoproduction of the Z + (4430) 



are shown in Figs. |)| 10 and 11, respectively in the 1 , 1 + and cases. The total cross 



sections are in Figs. 12, 13 and 14 



IV. POLARIZED CROSS SECTIONS AND ASYMMETRIES. 

The presence of the p and ao terms becomes determinant in the calculation of the polar- 
ization asymmetries. In fact the tt channel contribution is a constant (more often 0), thus 
the behavior of the asymmetries is determined by the other components of the cross section. 
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A. The photon asymmetry. 



The formula for the photon asymmetry is 

1 <J\ — <J\\ , , 

£ = — — \ 33 

P 7 a ± + a\\ 

where the polarized cross sections are calculated respectively normal and parallel to the 
production plane, defined by k\ and k^- We consider a full polarization of the beam, thus 
the polarization degree is P 7 = 1. 

The J p = 1 + , polarized cross sections with pion and ao exchange are independent 
from the polarization state of the photon, thus in these cases the asymmetry is 0. The only 
contributions to the asymmetry come from the p trajectory and the interference terms. In 



Figs. 15 and 16 we show respectively the 1 and 1 + photon asymmetry. 



In the J p = case both the ir, whose asymmetry is a constant E = — 1, and the p 



contribute to the total tc + p photon asymmetry. The results can be seen in Fig. 17 



B. The target and recoil asymmetries. 

The target asymmetry is defined as 

T = (34) 

where the up and down target nucleon spins are calculated parallel and antiparallel to the 
vector k\ x A; 2 . It is well known that only the interference between amplitudes produce a 
target asymmetry. For the Z + (4430) photoproduction the only non-zero term is the p — a 
interference term, thus the target asymmetry for J p = CT is zero. The target asymmetry 



for J p = 1 and 1 + is shown in Figs. 18 and 19 
The recoil asymmetry is defined as 

P= a -l^i, (35) 

where the spin of the recoil nucleon is again projected onto the vector k\ x fc 2 - F° r an J P 
quantum numbers the recoil asymmetry results are equal to the target asymmetry. This 
is what should actually be expected since the difference between the target and the recoil 
asymmetries has been proved to depend only on the exchange of 1 ++ (i.e. ai(1260)) and 
2 mesons |17j . 

11 



V. CONCLUSION. 



In this work we have calculated the differential and total cross sections for the photo- 
production of the resonance Z + (4430) in the reaction jp — > Z + (4430)n. We have used an 
effective Lagrangian approach modified by the exchange of Regge trajectories, instead of 
singular particles. Thus the usual Feynman propagator had to be replaced with a Regge 
propagator, which economically includes the effects of the exchange of the high spin and mass 
particles belonging to the Regge trajectory. These calculations have been accomplished for 
each possible J p quantum number of the Z(4430) in 5" and P wave, i.e. J p = 1~, 1 + , 2~ 
in the case of pion exchange, and combining the exchanges of n, p and ao(980) trajectories. 
Comparing the cross sections obtained in the present work with the corresponding ones cal- 
culated by Liu, Zhao and Close [7], we can note that the effect of introducing the Regge 
trajectories has been to sensibly reduce the magnitude of the cross sections. The Regge 
method used in this work has already been proved more precise than the standard effective 
Lagrangian approach in the pion and kaon photoproduction [S], then the observation or 
not of the Z(4430) with the cross sections predicted here could be a further confirmation 
or a denial of the validity of this approximate method. The polarization observables, such 
as the photon, target and recoil asymmetries, have also been obtained from the cross sec- 
tions, in the same cases specified above, with the exception of the 2~ whose cross section is 
unimportant. 

The photoproduction of Z(4430) begins at a photon energy in the laboratory of circa 
15 GeV and has the maximum around 30 — 40 GeV. In the current situation no experimental 
facility can produce real photons at such high energy. However these energy ranges were 
possible at HERA, which could produce high energy quasi-real photons with low virtuality 
|23j . Thus new analysis of the data in the channels studied in this work could be interesting. 
After the shutdown of HERA, new data for high energy photoproduction of vector mesons 
will probably be produced at LHC [2"4"l 123] . 

With this Regge-based model we can get good results for the amplitudes at high energies 
and forward angles without using any free parameter. All constants are actually fixed to 
independent experimental observables. The only exceptions are the coupling constants of 
the vertices Zip' p and Zip' do, for which we do not have any experimental data, that have 
been set as an upper limit equal to the constant for the Zip'ir. 
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As it could be expected, we find the n Regge trajectory exchange channel by far dominat- 
ing in the cross section, even considering that the p and a contributions are overestimated 
due to the choice of their coupling constants. The interference terms with the pion channel 
are found to be zero. On the contrary the p and ao exchanges, and their interference terms, 
become decisive in the determination of the polarization observables. 
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Figures 




Figure 1: Graphic representation of the "fp — > Z + n process with a pion exchange. 
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Figure 2: Differential cross section for the photoproduction of Z + (4430) with J p = 1 using a 
degenerate (blue solid line) and a non degenerate (red dashed line) pionic Regge trajectory. 
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Figure 3: Total cross section for the photoproduction of Z + (4430) with J p = 1 using a degenerate 
(blue solid line) and a non degenerate (red dashed line) pionic Regge trajectory. 




Figure 4: Differential cross section for the photoproduction (photon energy 30 GeV) of Z + (4430) 
with J p = 1~ (Blue solid line), J p = 1 + (Red dashed line), J p = CP (Black dotted line) and 
J p = 2~ (Purple dot-dashed line) using a degenerate pionic Regge trajectory. 
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Figure 5: Total cross section for the photoproduction of Z + (4430) with J p = 1~ (Blue solid line), 
J p = 1 + (Red dashed line), J p = 0~ (Black dotted line) and J p = 2~ (Purple dot-dashed line) 
using a degenerate pionic Regge trajectory. 
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Figure 6: Same as Fig. [5] but with a logarithmic scale. 
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Figure 7: Total cross section for the photoproduction of Z + (4430) with J p = 1 (Blue solid line) 
and J p = 1 + (Red dashed line) using a degenerate ao Regge trajectory. 
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Figure 8: Total cross section for the photoproduction of Z + (4430) with J p = 1 (Blue solid line), 
J p = 1 + (Red dashed line) and J p = _ (Black dotted line) through p exchange. 
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Figure 9: Differential cross section for the photoproduction of Z + (4430) through the ir + p + ao 
channels with J p = 1~, at photon energy E~ = 40 GeV. The blue dotted, red dashed and purple 
dot-dashed lines represent respectively the sole tt, p and ao exchange contributions, while the black 
solid line is the complete irpao differential cross section. 
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Figure 10: Differential cross section for the photoproduction of Z + (4430) through the tt + p + ao 
channels with J p = 1 + , at photon energy = 40 GeV. The blue dotted, red dashed and purple 
dot-dashed lines represent respectively the sole tt, p and ao exchange contributions, while the black 
solid line is the complete irpao differential cross section. 
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Figure 11: Differential cross section for the photoproduction of Z + (4430) through the ir+p channels 
with J p = 0~, at photon energy E~ = 40 GeV. The blue dotted and red dashed lines represent 
respectively the sole tt and p exchange contributions, while the black solid line is the complete np 
differential cross section. 
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Figure 12: Total cross section for the photoproduction of Z + (4430) through the ir + p + ao channels 
with J p = 1~, at photon energy E 1 = 40 GeV . The blue dotted, red dashed and purple dot-dashed 
lines represent respectively the sole tt, p and ao exchange contributions, while the black solid line 
is the complete irpciQ total cross section. 
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Figure 13: Total cross section for the photoproduction of Z + (4430) through the 7r + p + ao channels 
with J p = 1 + , at photon energy = 40 GeV . The blue dotted, red dashed and purple dot-dashed 
lines represent respectively the sole w, p and ao exchange contributions, while the black solid line 
is the complete npao total cross section. 
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Figure 14: Total cross section for the photoproduction of Z + (4430) through the tt + p channels 
with J p = CP, at photon energy EL = AO; GeV. The blue dotted and red dashed lines represent 
respectively the sole tt and p exchange contributions, while the black line is the complete irp total 
cross section. 
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Figure 15: Photon asymmetry for the photoproduction of Z + (4430) with J p = l~ at photon energy 
40 GeV: in solid black the tt + p + ao exchange, in dashed red the p contribution. 
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Figure 16: Photon asymmetry for the photoproduction of Z + (4430) with J p = 1 + at photon energy 
40 GeV: in solid black the it + p + ao exchange, in dashed red the p contribution. 
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Figure 17: Photon asymmetry for the photoproduction of Z + (4430) with J p = 0~ at photon energy 
40 GeV: in solid black the ir + p exchange, in dotted blue and dashed red respectively the ir and p 
contributions. 
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Figure 18: Target asymmetry for the photoproduction of Z + (4430) with J p = 1 at photon energy 
40 GeV. 
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Figure 19: Target asymmetry for the photoproduction of Z+(4430) with J p = 1 + at photon energy 
40 GeV. 
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